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Abstract
We describe a systematic procedure for the monitoring and analysis of bottom-hole pressure data during CO2
injection into deep saline aquifers.  Our methodology builds upon well injectivity and pressure transient analysis
Plant CO2 geologic sequestration project, we show how late-time pressure falloff response at monitoring wells can be
interpreted to estimate intrinsic permeability of the reservoir.  Effective total compressibility values estimated from 
history matching of post-breakthrough injection-falloff sequences at different times can also be utilized for tracking
the CO2-brine front. 
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1. Introduction and Scope
In fluid injection projects, analysis of pressure transient response from injection-falloff cycles provides
an attractive opportunity for estimating formation characteristics such as permeability, distance to
boundaries, radial extent of interfaces, etc. Abbaszadeh [1] provides an overview of the state-of-art on 
injection-well testing in petroleum reservoirs, and presents the theory behind commonly used interpretive
techniques for water flooding and gas injection projects.  These systems are similar in nature to the case
of supercritical CO2 injection into deep saline formations, which has emerged as a viable option for the
mitigation of atmospheric greenhouse gas emissions (Benson and Cook [2]). 
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Nomenclature  
ct total compressibility  
h  formation thickness 
J injectivity index 
k formation permeability 
PBH bottom-hole pressure 
Pf reference formation pressure 
p pressure change from reference conditions 
q injection rate 
r radius 
rw wellbore radius 
R distance to CO2-brine front from wellbore 
t time 
 porosity 
g viscosity of brine-CO2 mixture in the two-phase region 
w viscosity of undisturbed formation brine 
Field demonstration projects of the CO2 geologic sequestration technology typically collect pressure 
data at injection and observation wells as part of a comprehensive monitoring program.  The analysis of 
such data has typically involved standard single-phase transient pressure analysis techniques (e.g., 
Sminchak et al. [3]), or history matching of the pressure data with numerical simulators without resorting 
to analytical interpretive equations (e.g., Bacon et al. [4]).  Benson and Doughty [5] analyzed pressure 
response from a CO2 sequestration project using an analytical model, but their focus was on history 
matching the entire pressure response to estimate relative permeability relationships.   
Another useful reservoir engineering concept that does not appear to have been utilized is the 
injectivity index (Craft and Hawkins [6]), which relates the steady-state  pressure buildup following 
injection to the corresponding injection rate.  Injectivity index can be a simple and useful metric for 
comparing the performance of two different reservoirs, or a given reservoir before and after well-
workover operations.  In particular, injectivity index can be used for scale-up calculations to estimate 
pressure buildup caused by injection rates much higher than that used during pilot testing phase. 
The objective of this paper is to present a comprehensive and systematic approach for maximizing the 
value of pressure monitoring data from injection and observation wells during CO2 sequestration in deep 
saline formations.  This involves: (a) analyzing injection pressure and rate data at the injection well to 
track well injectivity over time, (b) analyzing pressure and pressure derivative data at observation wells 
prior to CO2 breakthrough to estimate formation permeability and identify boundary effects (if any), and 
(c) analyzing pressure and pressure derivative data at observation wells after CO2 breakthrough to 
estimate formation permeability, identify boundary effects and track the location of the CO2-brine front.  
The latter two objectives will utilize a standard transient pressure analysis workflow involving log-log 
pressure and pressure derivative plots, straight line (semi-log) analysis, and log-log and Cartesian history 
matching  as well as a new approach for pressure analysis based front tracking. 
We begin with a brief overview of the injectivity index concept, followed by a theoretical discussion 
of the injection-falloff response in a fluid injection system.  Next, we develop a simple approach for CO2 
front tracking using pressure data.  Finally, we demonstrate the application of these concepts using 
pressure monitoring data from the 20 MW CO2 capture and storage Product Validation Facility (PVF) 
 (Gupta et al. [7]).   
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2. Theoretical Considerations 
2.1 Analysis of injection-well pressure and rate data 
Injectivity index is a commonly used concept in petroleum reservoir engineering to evaluate the 
capability of a well to inject fluids into a porous and permeable formation (Craft and Hawkins [6]).  It is 
defined as the ratio of the injection rate divided by the pressure difference between formation pressure 
and bottom-hole pressure: 
         (1) 
where J is injectivity index, q is injection rate, Pf is reference formation pressure and PBH is bottom-hole 
pressure (see also Nomenclature).  During a typical injection event, the injection rate, q, is maintained at a 
relatively constant rate, and the bottom-hole pressure rapidly increases to some equilibrium value, PBH, 
after which it changes slowly.  The difference between this quasi-equilibrium value and some reference 
formation pressure, Pf (i.e., stable pressure prior to injection), is the denominator in Eq. (1). 
From a theoretical standpoint, the injectivity index can be related to the permeability-thickness 
product of the formation, as well as the size of the reservoir (e.g., Earlougher [8]).  From a practical 
standpoint, the usefulness of this concept is primarily in comparing different formations for their relative 
potential for injection operations corresponding to a prescribed pressure differential.  It is also useful for 
assessing the efficacy of workover operations by comparing pre- and post-workover injectivity indices.   
2.2 Analysis of observation-well pressure data  
The CO2 storage reservoir is conceptualized as a radial composite system, where the inner (invaded) 
zone consists of both supercritical CO2 and brine, g and the outer (uninvaded) 
zone consists of undisturbed b w .  A sharp front separates the inner and 
outer regions and is assumed to be immobile during the duration of the falloff.  It is first useful to 
examine the pressure response during the injection period, since the falloff response can then be 
generated from the injection solution using superposition. 
Following the work of Ramey [9], subsequently extended by Amabastha [10], we can write the 
dimensionless pressure response in the inner zone as: 
 (2) 
Here, pD is dimensionless pressure = q g/2 kh, tD is dimensionless time = kt/ gctrw2, rD is dimensionless 
radius = r/rw, RD is dimensionless front location = R/rw, M is mobility ratio = w/ g and is storativity 
ratio = ( ct)g/( ct)w.  All terms are fully defined in the Nomenclature.  At late times, the exponential 
term the Eq. (2) approaches unity.  Also at late times, i.e., for small values of the argument of the 
Exponential integral, this function can be replaced by its logarithm approximation, viz., Ei(-x)  
ln(1.781x), which leads to a simplification of Eq. (2) as follows: 
     (3) 
Converting the terms in Eq. (3) into dimensional quantities and simplifying, we get: 
    (4) 
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Similarly, following the work of Satman [11], we can write the dimensionless pressure response in the 
outer region as:   
    (5) 
Converting the terms in Eq. (5) into dimensional quantities and simplifying, we get: 
      (6) 
It can thus be seen from Eq. (4) and Eq. (6) that both the inner and outer zone pressure responses exhibit a 
linear dependence on the logarithm of time  especially at late times  that is proportional to the mobility 
(k/ w) of the undisturbed brine-filled formation.  We can quantify this behavior in terms of the semi-log 
pressure derivative (Bourdet et al. [12]):    
       (7) 
The pressure response during the injection period, as given by Eqs. (4), (6) and (7), provides the 
fundamental building block for analyzing transient pressure data.  However, injection events are likely to 
be affected by rate variations because of operational issues.  The falloff (shut-in) period therefore offers a 
more robust data window for analysis.  Ambastha [10] has shown that if the injection time prior to shut-in 
is long, then the late-time semi-log falloff slope on a Horner graph is the same as the semi-log slope from 
the injection period.  In other words,  
       (8) 
where tHOR = (tinj+ t)/ t.  Eq. (8) suggests that semi-log derivatives from a Horner plot of the falloff data 
will converge at late times to a value that depends on the intrinsic formation permeability and brine 
viscosity  regardless of whether the observation location is at the injection well (r = rw), behind the CO2 
front (rw < r < R), or ahead of the CO2 front (r > R).  This late-time equivalence of pressure derivatives, 
i.e., dependence only on outer-zone mobility regardless of well location, is a very powerful relationship 
undergoing fluid injection, and does not appear to have been recognized 
as such in the literature. 
2.3 CO2 front tracking using pressure data 
An examination of Eq. (4) and Eq. (6) suggests that the two are similar  excepting a time-dependent 
term in Eq. (4) that depends on the movement of the CO2 front as described by the front radius, R.  We 
can therefore re-write Eq. (4) as: 
     (9) 
using the concept of an effective, time-dependent, total compressibility: 
        (10) 
where M = w/ g is the mobility ratio.  Note that this is the viscosity ratio between the single-phase brine 
in the outer region and the two-phase CO2-brine mixture in the inner zone. 
Using the principle of superposition, a history match of the injection-falloff response at observation 
wells can be carried out using Eq. (6) or Eq. (9).  If the permeability-thickness value estimated from the 
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semi-log derivative of a Horner graph (Eq. 8) is used for history matching, then the only unknown is total 
compressibility (assuming porosity can be estimated independently from well logs).  If the observation 
well is located in the outer zone, then the total compressibility should be time-independent.  However, if 
 will be time-
dependent  as explained earlier.  If the total compressibility of the formation can be estimated from other 
sources (e.g., other observation wells), then Eq. (10) suggests that the apparent increase in effective total 
compressibility with time can be translated into an estimate of the CO2 front radius: 
       (11) 
Although there are several simplifying assumptions built into this derivation, it does provide a simple 
calculational procedure for estimating the movement of the CO2-brine front  absent a detailed reservoir 
modelling study of CO2 plume migration. 
3.  Field Example of Methodology 
3.1   AEP Mountaineer carbon capture and storage project description 
We demonstrate the application of these concepts using data from the 20 MW CO2 capture and 
r Plant in 
West Virginia, USA.  The Mountaineer CO2 injection system consists of two injection wells  one in the 
Copper Ridge dolomite formation and one in the Rose Run sandstone formation, and three deep 
observation wells that were operational between October 2009 and May 2011.  The Copper Ridge 
injection zone consists of vuggy high porosity and permeability intervals at ~2500 meters depth, while the 
Rose Run injection zone, at ~2350 meter depth, consists of thin inter-layered sandstone and dolomite 
zones.  Fig. 1 shows the location of the wells and the stratigraphic column at the site.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Well layout and stratigraphic column at AEP Mountaineer Plant CO2 capture and storage project. 
AEP-2 Rose Run
Injection Well
AEP-1 Copper Ridge
Injection Well
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Approximately 27000 MT of CO2 was injected into the Copper Ridge dolomite formation in well
AEP-1 with pressure monitoring undertaken in MW-2, located ~2200 ft away.  Approximately 10000 MT 
of CO2 was injected into the Rose Run sandstone formation in well AEP-2 with pressure monitoring
undertaken in wells MW-3, located ~135 ft away. Injection rate and pressure history are shown in Fig. 2
for the Copper Ridge wells and in Fig. 3 for the Rose Run wells.  It should be noted that for the Copper 
Ridge formation, significant pressure fluctuations were observed in the injection well pressure data after 
the September 2010 workover event, rendering this data unreliable and unusable.   Also, for the Rose Run 
formation, there was a period from April 2010 to January 2011 when the pressure gauge for AEP-2
malfunctioned resulting in loss of data. Note also the periodic downward incursions in the pressure
response in AEP-2 after the workover event.
Fig. 2. Injection rate and bottom-hole pressure history, Fig. 3. Injection rate and bottom-hole pressure history,
Copper Ridge formation Rose Run formation
Notwithstanding these anomalies, a wealth of pressure and rate data is available covering a series of 
injection and falloff events.  First, we show how injectivity index calculations from both the Copper 
Ridge and Rose Run formations vary over time, and discuss inferences that can be made about system 
performance.  Next, we analyze falloff data from observation wells in both the Copper Ridge and Rose
Run formations to obtain estimates of permeability-thickness for each of the formations and note the
absence of any boundary effects. One example data set is analyzed from each of the two formations.  We
then history-match injection-falloff data to show that compressibility estimates from the Copper Ridge
observation well are invariant in time (as expected for a well prior to CO2 breakthrough), and those from 
the Rose Run observation well are increasing with time (as expected for a well after CO2 breakthrough). 
The time-varying compressibility values are then translated to estimates of plume radius for the Rose Run
injection at different points in time, and cross-checked with independent material balance calculations. 
3.2 Analysis of injectivity at AEP-1(Copper Ridge formation) and AEP-2 (Rose Run formation)
The first step in the injectivity index calculations was to simplify the rate history shown in Fig. 2 and 
Fig. 3 by aggregating all injection (or shut-in) events less than 1000 minutes into the previous shut-in (or 
injection) event.  For AEP-1, this resulted in 21 injection events ranging from 2628 minutes (~1.8 days)
to 41406 minutes (~29 days).  For AEP-2, this resulted in 28 injection events ranging from 1158 minutes
(~0.8 days) to 28035 minutes (~19 days).  The quasi-steady final pressure for each of these events was
noted, along with the reference (pre-injection) pressure for each formation. Eq. (1) was then used to 
calculate the injectivity index for each injection event.  
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Fig. 4 shows the variability of injectivity index over time for the Copper Ridge formation.  Note that 
no calculations could be performed for the period beyond t = 50,000 min because of the AEP-1 pressure 
gauge malfunction as mentioned earlier. The mean injectivity index was found to be 1800 MT/yr/psi,
with a 25th percentile value of 1500 MT/yr/psi and a 75th percentile value of 2050 MT/yr/psi which is a
reasonably consistent range, given the variability in the injection rate (Fig. 2). One can interpret these
values as follows: on the average, the formation can accept ~1800 MT/yr for each psi of pressure buildup
from pre-injection hydrostatic conditions.
Fig. 4. Calculated injectivity index at AEP-1, Fig. 5. Calculated injectivity index at AEP-2,
Copper Ridge formation Rose Run formation
Fig. 5 shows the variability of injectivity index over time for the Rose Run formation. The mean
injectivity index was determined to be 38.6 MT/yr/psi, with a 25th percentile value of 27.8 MT/yr/psi and
a 75th percentile value of 47.4 MT/yr/psi.  This is also reasonably consistent considering that the flow 
rates before and after the workover event are quite different (see Fig. 3 for flow rate history). This 
suggests that the injectivity of the Rose Run formation is significantly lower than that of the Copper 
Ridge formation.  As will be shown later, this conclusion is corroborated by the permeability estimates
derived from falloff analysis for the two formations.  
3.3  Analysis of pre CO2-breakthrough pressure response at MW-2 (Copper Ridge formation)
The event chosen for this example is a falloff period of 290 hours following an injection period of 
330 hours.  The average injection rate for this period was 20 klb/hr, and the cumulative injection through
the end of this injection event was 26000 klb with no breakthrough observed at the observation well MW-
2 located ~2200 ft away. A log-log diagnostic plot for the MW-2 pressure and derivative response is
shown in Fig. 6.  The stable derivative trend at late-times suggests that there are no boundary effects
affecting the pressure response. As noted earlier, the late-time stabilized value of the derivative is also
the slope of a semi-log Horner plot, which is shown in Fig 7.  Application of Eq. 8 yields a permeability
thickness value of kh = 23939 md-ft, based on a knowledge of the average injection rate and brine
viscosity.  Using this estimate of permeability as a starting guess, a full history match of the injection-
falloff sequence is carried out by adjusting kh as well as the total compressibility ct (assuming porosity is
known from well logs).  The Cartesian match of the full injection-falloff sequence is shown in Fig. 8, and 
the log-log match to the falloff pressure and pressure derivative, which highlights the early-time response, 
is shown in Fig. 6.  The matched parameters are kh = 23940 md-ft, essentially similar to that obtained 
from the semi-log analysis, and ct = 7.7E-6 psi-1.
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Fig. 6. Diagnostic plot and log-log match of falloff data Fig. 7. Semi-log analysis of falloff data
Fig. 8. Cartesian match of injection-falloff sequence      Fig. 9. Derivative overlay for multiple falloff events
Finally, an overlay of the derivatives from multiple falloff events is shown in Fig. 9.  The late-time
convergence is once again an indication of the reliability with which the undisturbed formation 
permeability can be estimated over time, as well a confirmation that boundary effects are absent in the
pressure response. The two clusters in the data set correspond to the injection-well response (top) and 
observation-well response (bottom).  The early-time data also show a degree of convergence, suggesting
that compressibility is not changing with time.  
3.4  Analysis of post CO2-breakthrough pressure response at MW-3 (Rose Run formation) 
The event chosen for this example is a falloff period of 50 hours following an injection period of 28
hours.  The average injection rate for this period was 5.5 klb/hr, and the cumulative injection through the
end of injection was 160 klb with breakthrough observed at the observation well MW-3 located ~135 ft 
away.  A log-log diagnostic plot for the MW-3 pressure and derivative response in shown in Fig. 10. As 
noted earlier, the late-time stabilized value of the derivative is also the slope of a semi-log Horner plot,
which is shown in Fig 11.  Application of Eq. 8 yields a permeability thickness value of kh = 316 md-ft,
based on a knowledge of the average injection rate and brine viscosity. 
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Using this estimate of permeability as a starting guess, a full history match of the injection-falloff 
sequence is carried out by adjusting kh as well as the total compressibility ct (assuming porosity is known
from well logs).  The Cartesian match of the full injection-falloff sequence is shown in Fig. 12, and the
log-log match to the falloff pressure and pressure derivative, which highlights the early-time response, is 
shown in Fig. 10.  The matched parameters are kh = 310 md-ft, essentially similar to that obtained from 
the semi-log analysis, and ct = 9E-6 psi-1.
Finally, an overlay of the derivatives from multiple falloff events is shown in Fig. 13.  The late-time 
convergence is once again an indication of the reliability with which the undisturbed formation 
permeability can be estimated, as well as a confirmation that boundary effects are absent in the pressure
response.  The systematic shift in the early-time derivative, where the derivative plot shifts to the right as
time increases, is indicative of the fact that the effective compressibility of the inner region is changing
with time (because of two-phase flow effects).  A quantitative analysis of the relationship between this
effective total compressibility and CO2 front radius is explored next.
Fig. 10. Diagnostic plot and log-log match of falloff data Fig. 11. Semi-log analysis of falloff data
Fig. 12. Cartesian match of injection-falloff sequence Fig. 13. Derivative overlay for multiple falloff events
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3.5  CO2 front tracking using pressure data in the Rose Run formation  
Several injection-falloff sequences from well MW-3 were analyzed using the methodology described 
previously to estimate the effective total compressibility.  As shown in Fig. 14, these indicated an 
increasing trend with time  because of the impact of the moving CO2 front going past the observation 
well discussed in section 2.3.  Although not shown here, a similar analysis for well MW-2 in the Copper 
Ridge that did not exhibit CO2 breakthrough yielded an average total compressibility of 7.6±0.8 psi-1 over 
multiple events.  Eq. (11) was then used to compute the front radius as a function of time (i.e., cumulative 
injected volume).  This required making assumptions regarding the mobility ratio M, i.e., the viscosity 
ratio between the two-phase brine-CO2 mixture in the inner zone and the single-phase brine in the outer 
zone.  At reservoir conditions (P=3689 psi and T=142oF), the viscosity of CO2 is 0.07 cp and the viscosity 
of brine is 1.19 cp.   Assuming the viscosity of CO2-brine mixture to be twice that of CO2 yields a 
viscosity ratio of ~9.  The resulting front radii calculated at different times are shown using markers 
(filled squares) in Fig. 15.      
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Increase in total compressibility with time   Fig. 15. Estimated CO2-brine front radius based on Fig. 14  
from history-match of injection-falloff sequences                                  (markers), and material balance-based estimate (line)  
The assumption regarding the mobility ratio clearly introduces some uncertainty in this simple front-
tracking analysis.  However, these calculations can be cross-checked using material balance concepts.  
The line drawn through the markers in Fig. 15 assumes a 1-D radial displacement process with a 
saturation change of 0.27 in the inner zone  which is certainly a reasonable value for a less viscous fluid 
(CO2) displacing a more viscous fluid (brine).  The good agreement between the two approaches suggests 
that the assumed value for viscosity ratio is also a reasonable choice.  
4. Concluding Remarks 
We have described a systematic procedure for the monitoring and analysis of bottom-hole pressure 
data during CO2 injection into deep saline formations.  Our methodology builds upon well injectivity and 
pressure transient analysis techniques developed in the petroleum industry for fluid injection systems. 
2 geologic sequestration project, we have shown how 
late-time pressure falloff response at monitoring wells can be interpreted to estimate intrinsic permeability 
of the reservoir.  Effective compressibility values estimated from detailed history matching of post-
breakthrough injection-falloff sequences at different times can also be utilized for tracking the CO2-brine 
front, thus serving as an indirect plume monitoring technique.   
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The primary objective of this paper has been to demonstrate that significant information can be derived 
from the systematic analysis of pressure monitoring data in CO2 sequestration projects.  A 
such analyses, based on a variety of well-established petroleum reservoir engineering techniques, can be 
outlined as follows: 
 Calculation of injectivity index at the injection well to compare the injectivity across formations, and 
well performance over time 
 Calculation of formation characteristics and identifying boundary effects at observation wells from 
transient pressure data using a step-wise procedure that includes: 
o Log-log diagnostic plots of pressure and derivative data from falloff periods to identify the stable 
derivative indicating undisturbed brine-filled formation response 
o Confirming this value of stable derivative for permeability estimation via a semi-log Horner plot 
o History matching of the injection-falloff sequence on a Cartesian plot and the falloff sequence on 
a log-log plot to estimate total compressibility and refining the estimate of permeability 
o Determining boundary effects (if any) from deviations in the derivative plot 
 Derivative overlay of observation-well response from multiple falloff events to check for: 
o Convergence at late time indicating a robust estimation of formation permeability 
o Deviations at late time indicating boundary effects 
o Separation at early times suggesting total compressibility increasing with time  
 Estimation of front radius using Eq. (11), if the total compressibility appears to increase with time at 
an observation well that has experienced CO2 breakthrough 
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